Nucleoprotein preparations of tobacco rattle virus (TRV) strain SYM contain particles of four modal lengths. Particles of length 188 nm and 101 nm contain RNA-1 and RNA-2 respectively. Those of length 57 nm and 48 nm contain RNA molecules that are not required for infectivity but include specific sequences derived from both RNA-I and RNA-2. No products attributable to translation of RNA-2 were obtained in reticulocyte lysates, whereas RNA-2 of other TRV strains serves as messenger RNA for virus coat protein, In strain SYM, one of the smaller RNA species, RNA-3 (mol. wt. 0.6 x 106, 1750 nucleotides), was translated in vitro to give coat protein, and is apparently a subgenomic messenger RNA derived from RNA-2. The other small RNA species, RNA-4 (mol. wt. 0-54 × 106, 1550 nucleotides), was translated into a polypeptide of apparent mol. wt. 29000, unrelated to coat protein. It is suggested that RNA-4 is a subgenomic messenger RNA derived from RNA-1.
INTRODUCTION
Tobacco rattle virus (TRV) produces rod-shaped particles of two characteristic lengths, long (L) and short (S), together with a small proportion of particles of other lengths, including some that are shorter than S particles and which are called VS particles. Each particle contains a single RNA molecule of a size proportional to the particle length. Only the L particles are independently infective (Harrison & Nixon, 1959) and, therefore, presumably carry the information for an RNA replicase system. Such infections produce only uncoated long RNA (RNA-1). S particles are not infective alone but when mixed with L particles give rise to infections producing particles of both lengths. Moreover, when a mixture of S and L particles from different strains is used as inoculum, progeny virus particles of both lengths have the serological specificity and amino acid composition of the S particle parent (S~inger, 1968; Ghabrial & Lister, 1973) . Thus, the Short RNA (RNA-2) carries the coat protein gene.
In vitro translation of RNA-1 from strain PRN in reticulocyte lysates gives two products of apparent mol. wt. 170000 and 140000, whereas RNA-2 codes for coat protein (Fritsch et al., 1977) . A third RNA (RNA-3; mol. wt. 0-55 x 106, 1580 nucleotides), which presumably is contained in VS particles, codes for a product of mol. wt. 30000, and is suggested to be a subgenomic species derived from RNA-1 (Pelham, 1979) . However, a subgenomic RNA species found in leaves infected with strain CAM, and which codes for a 30000 mol. wt. protein, is derived from RNA-2 (Bisaro & Siegel, 1980) . Strain SYM produces particles of four modal lengths: 188 nm (L particles), 101 nm (S particles), 57 nm and 48 nm (together called VS particles). The VS particles are not infective and apparently have no qualitative or quantitative effect on infection by L or by L + S particles (Kurppa et al., 1981) . We have studied the origin and messenger activity of the RNA species in these VS particles, and show that one of them (RNA-3; tool. wt. 0-6 × 106, 1750 messenger RNA for TRV coat protein, while the other (RNA-4, mol. wt. 0.54 x 106, 1550 nucleotides) is probably derived from RNA-1 and codes for a 29000 mol. wt. protein.
METHODS
Preparation of virus RNA Jmctions. TRV strains SYM, PRN, and the two pseudorecombinant isolates comprising RNA-I (PRN) + RNA-2 (SYM) (= PS) or RNA-1 (SYM) + RNA-2 (PRN) (= SP) described by Kurppa et al. (1981) , were propagated in Nicotiana clevelandii. Virus particles were purified, and fractions containing L particles, S particles or VS particles obtained, as described by Kurppa et al. (1981) . RNA was extracted from virus particle fractions, suspended in t0 mM-Tris HCI pH 7-6, 50 mM-NaC1, as described by Harrison & Barker (1978) .
Partial separation of . A mixture of RNA-3 and RNA-4 (80 ~tg) extracted from VS particles was subjected to electrophoresis in gels (8 x 1 cm diam.) of 2.2~o acrylamide, 0-5 ~ agarose containing 6 M-urea in 0.04 M-Tris, 0-02 M-sodium acetate, 0.002 M-EDTA, pH 7.8. Following brief (2 rain) staining with toluidine blue (0.05 ~ in 1 mM-magnesium acetate, 0.01 M-sodium acetate, pH 5.5) the bands of RNA-3 and RNA-4 were cut out and RNA was recovered by electrophoresis at 4 mA/gel overnight. Following dialysis against water, RNA was precipitated by ethanol from these eluates in the presence of carrier tRNA from calf liver (Boehringer).
Complementary DNA-RNA hybridization. Preparation of 3H-labelled cDNA, conditions for hybrid formation and conditions for assay using S1 nuclease were as described by Robinson et al. (1980) .
Electrophoresis ofRNA in polyacrylamide gels. Samples of RNA from nucleoprotein preparations of TRV strains and pseudorecombinants were analysed by electrophoresis in slab gels of 3~ polyacrylamide in 36 mM-Tris, 30 mM-NaHzPO4, pH 7.8. The gels were stained with ethidium bromide (5 ~tg/ml) and destained in water.
RNA mol. wt. was estimated by electrophoresis in cylindrical agarose gels after denaturation with glyoxal (Murant et al., 1981) using tobacco mosaic virus (TMV) RNA and ribosomal RNA from Escherichia coli as standards. Reported values are the means of several replicate gels in each of at least two experiments.
Translation in reticulocyte lysates. Rabbit reticulocyte lysates were prepared as described by Mohier et al. (1975) . RNA (2 to 5 ~tg) was added to 50 ~tl reaction mixture containing 20 ~tl lysate, 150 mM-KCI, 0.4 mM-magnesium acetate, 0-8 mM-ATP, 0.15 mM-GTP, 12 ~tM-haemin, 12 mM-creatine phosphate, 213 ~tg/ml creatine phosphokinase, 100 pg/ml calf liver tRNA (Boehringer), 2 mM-dithiothreitol (DTT), 0.3 mM-spermidine, 0.072 mM of each unlabelled amino acid and 25 ~tCi [35 S]methionine (300 to 700 Ci/mmol, Amersham International). Mixtures were kept at 30 °C for 1 h. In some experiments lysates were treated with micrococcal nuclease (Pelham & Jackson, 1976) before adding radioactive methionine and mRNA.
Translation in wheat germ extracts. Commercial wheat germ was extracted as described by Marcu & Dudock (1974) . RNA (5 to 10 ~tg) was added to 100 ~tl reaction mixture containing 30 ~1 wheat germ extract, about 50 ~tCi [35S]methionine, 20mM-HEPES pH 7.8, 98mM-potassium acetate, 2-75mM-magnesium acetate, 0-65mM-spermidine, 2-5 mM-ATP, 0.375 mM-GTP, 5 mM-phosphoenolpyruvate, 1.8 mM-DTT and unlabelled amino acids at 0.025 mM each. The reaction mixtures were kept at 30 °C for 2 h.
Analysis ofpolypeptides in polyacrylamide-SDS gels. After treatment with RNase, translation products were analysed by electrophoresis in polyacrylamide gels containing SDS, and autoradiographed, as described by Fritsch et al. (1980) . The proteins used to estimate mol. wt. were subunits of RNA polymerase from E. coli (Boehringer; mol. wt. 165000, 155000, 95000 and 39500), c~-phosphorylase (mol. wt. 94000), bovine serum albumin (mol. wt. 67000), pyruvate kinase (mol. wt. 57000), ovalbumin (mol. wt. 45000) and carbonic anhydrase (mol. wt. 29000).
Partial proteolysis of translation products. Translation products were separated by electrophoresis in 12.5~ polyacrylamide; the gels were then washed in water for 15 rain, dried and autoradiographed. Pieces of dried gel corresponding to the bands in the autoradiographs were placed in the sample wells of stacking gels together with 25 to 100 ~tg/ml V8 protease (from Staphylococcus aureus; Miles Laboratories) in 0.1 ~ SDS, 1 mM-EDTA, 0.125 MTris-HCl, pH 6.8 (V8 buffer), or with buffer alone. After incubation at 25 °C for 1 h, current was applied and the products of the digestion were analysed in 18~ resolving gels. Analysis of non-radioactive protein was similar except that purified TRV particles (strain SYM) were dissociated in V8 buffer and incubated with the enzyme before loading the gels for immediate electrophoresis.
Analysis of translation products precipitated by antiserum. After translation in reticulocyte lysates, reaction mixtures were centrifuged and 35 ~tl samples of the supernatant fluid were diluted to 80 ~tl so as to contain final concentrations of 0-155 M-NaCI and 0.01 M-sodium phosphate, pH 7.4, and either no antiserum, pre-immune serum at 1/4, or anti-TRV (strain SYM) serum (homologous titre 1/128) at 1/2, 1/4 or 1/8. After being kept at room temperature for 1 h the solutions were mixed with 15 ~tl 3~ Protein A Sepharose (Pharmacia), 1 ~o Triton X-100, 1 mg/ml bovine serum albumin in phosphate-buffered saline (PBS) (0.155 M-NaC1, 0.01 M-sodium phosphate, pH 7.4). After a further 3 h at room temperature these mixtures were centrifuged at about 10000 g for 5 min. The pellets were washed three times by suspension in 1 ~ Triton X-100, 0.1 ~ 2-mercaptoethanol in PBS followed by centrifugation, and were then dissolved in 10~ glycerol, 7~ SDS, 4~ 2-mercaptoethanol, in 0.035 M-Tris HC1 pH 6.8. After heating at 100 °C for 1 min samples were analysed by electrophoresis in 13~ polyacrylamide gels. 
Molecular weights of TR V RNA species
The estimated mol. wt. of the RNA species of TRV strains SYM and PRN obtained by electrophoresis in agarose gels after denaturation with glyoxal are shown in Table 1 . Although the estimate for RNA-1 involves extrapolation from the marker TMV RNA size, the experiments of Murant et al. (1981) suggest that this does not incur substantial errors. Estimates similar to ours for strain P RN were obtained by Pelham (1979) using methyl mercuric hydroxide as the denaturant. For comparison, estimates made using non-denatured RNA in acrylamide gels by Kurppa et al. (1981) for strain SYM, and by Ramirez-Baudrit (1981) for strain PRN are also included in Table 1 . These estimates are consistently larger than those made using denatured RNA. Earlier work by Cooper & Mayo (1972) identified only two components in nondenatured RNA of strain PRN and estimated their mol. wt. as 2.5 × 106 and 1-0 x 106.
Hybridization with complementary DNA
RNA (VS-RNA, a mixture of RNA-3 and RNA-4) was extracted from the VS particle fraction of strain SYM, and complementary DNA (VS-cDNA) was transcribed from it. Fig.  1 (a) shows the kinetics of hybridization of VS-cDNA with VS-RNA. R0t~ (initial RNA concentration x time, for 50~ hybridization) for this reaction, estimated by fitting the equation for pseudo-first order kinetics using the R'EVOL programme of Koeppe & Hamann (1980) , was 5.7 × 10 -3 mol. s/1. This is similar to the value obtained for reactions between cDNA-1 and RNA-1 (mol. wt. 2.4 x 106) of TRV (6-6 x 10 -3 mol. s/l) and much larger than that of 1.6 x 10 -3 mol. s/l for cDNA-2 versus RNA-2 (mol. wt. 0-54 x 106) of strain CAM (Robinson, 1983) . The value of R0t~ for hybridization of cDNA to excess unlabelled RNA is proportional to the sequence complexity of the RNA (Hell et al., 1976) . The observed value therefore implies that RNA from VS particles, which includes species of mol. wt. 0.5 x 106 to 0.6 × 106, has a sequence complexity several-fold greater than its physical mol. wt. and must contain molecules with different sequences.
Hybridization of VS-cDNA with VS-RNA reached a plateau at a Rot value of about 10 -1 mol. s/l (Fig. 1 a) . However, hybridization of VS-cDNA with either RNA-1 or RNA-2 did not proceed according to simple pseudo-first order kinetics, but increased progressively over a wide range of Rot, and had not reached a plateau at Rot = 3.5 x 10 -1 mol. s/l. All preparations of RNA-1 and RNA-2 are contaminated with one another to some extent (Robinson, 1983) , so that cDNA copies of any virus-specific RNA sequence will hybridize completely to either preparation at sufficiently large Rot. However, sequences from different parts of the genome will be present in these RNA preparations at different concentrations and will give rise to pseudo-first order reactions proceeding at different rates that may overlap in the overall kinetic curve. Nevertheless, the observation that greater concentrations of either RNA-1 or RNA-2 preparations than of VS-RNA preparations are required to drive hybridization of VS-cDNA to completion suggests that neither RNA-1 nor RNA-2 contains all the sequences in VS-RNA.
The kinetics of hybridization of cDNA copied from RNA-1 (cDNA-1) and from RNA-2 (cDNA-2) with VS-RNA are shown in Fig. 1 (b) and 1 (c) respectively. In each instance the reaction proceeded in two kinetically distinguishable phases. With cDNA-1 (Fig. 1 b) , 20~o of the cDNA reacted in the more rapid phase of the reaction, with a Rot~ of about 2.7 x 10 -3 mol. s/1. The second phase was incomplete at the highest values of Rot tested, but if it involved all the remaining cDNA it would have a Rot½ of about 8 x 10 -1 mol. s/1. Thus, 20~ of the sequences complementary to cDNA-1, equivalent to about 5 x 105 daltons of RNA-1, are present in VS-RNA at a higher concentration than the remaining 80~. The concentration (in mol. residue/l) of each class of sequences is inversely proportional to the Rot~ with which it reacts, divided by its mol. wt. Therefore, the more abundant class is in about 75-fold greater concentration than the remaining RNA-1 sequences.
With cDNA-2 (Fig. 1 c) , 30~ of the cDNA, equivalent to about 4 × 105 daltons of RNA-2, reacted in the more rapid phase with Rot~ = 3.2 x 10 -3 mol. s/l, and the second, incomplete phase had a Rot~ of about 5.3 x 10 -2 mol. s/l. In this instance the more abundant class is about sevenfold more concentrated than the remaining RNA-2 sequences.
The conclusion from hybridization analysis is therefore that VS-RNA contains three classes of RNA molecules. Two are relatively abundant and represent specific sequences derived from RNA-1 and from RNA-2 respectively, each having a complexity of about 4 x 105 to 5 × l0 s tool. wt. These two classes probably correspond to the two size classes observed as bands in agarose gel electrophoresis which have apparent mol. wt. of 5.4 x 105 and 6 x 105. The third class of RNA molecule is less abundant and probably represents all the remaining sequences of both RNA-1 and RNA-2. These molecules are probably heterogeneous fragments of the genome RNA species.
Analysis of VS-RNA from TR V strains S YM and PRN, and pseudorecombinant isolates
VS-RNA from TRV strains SYM and PRN and from the two pseudorecombinant isolates was examined by electrophoresis in 3~ polyacrylamide gels. Preparations of RNA-2, included as additional markers, were readily resolved (Fig. 2a, b) with RNA-2(SYM) migrating slower than RNA-2(PRN); the latter also contained a small amount of RNA-3 (arrow, P3). A faint band is visible corresponding to contaminating RNA-2(SYM) in VS-RNA from strain SYM (lane c) and from isolate PS (lane d). A slight contamination with RNA-2(PRN) is also evident in VS-RNA from isolate SP (lane e) and from strain PRN (lane f). The VS-RNA preparations from strain SYM and isolate PS were similar, comprising two bands (arrows, $3 and $4), whereas the VS-RNA preparations from isolate SP and strain PRN contained only one fast- moving band (arrow, P4) which corresponded in mobility with the faster of the two bands in the VS-RNA from the other two isolates. Thus, the slower band of VS-RNA from strain SYM (RNA-3) is present only in the pseudorecombinant which contains RNA-2(SYM); the other band (RNA-4) is produced by both parent strains. Fig. 3 shows the [35S]methionine-labelled products of translation of SYM RNA species in messenger-dependent reticulocyte lysates. Translation of RNA-1 (Fig. 3 a) gave rise to a major band that co-migrated in gels with the major translation product of RNA-1 from strain PRN (mol. wt. 140000; Fritsch et al., 1977) . This track in the autoradiogram was deliberately overexposed to show a number of minor bands. RNA-2 was a much less efficient messenger than RNA-1 (Fig. 3b to d) ; about 18-fold fewer moles of methionine were incorporated per mole of RNA-2 than per mole of RNA-1. The major product corresponded in mobility to the major product of RNA-1 translation, and several minor bands were observed that also corresponded with bands in Fig. 3(a) . No new bands that could be attributed to translation of RNA-2 itself were observed, and in particular no band corresponding in mobility to TRV coat protein. Similar results were obtained in wheat germ extracts, and with an RNA-2 preparation that had been heated (10 rain at 60 °C) and rapidly cooled before adding it to the reticulocyte translation mixture; in each instance all the products observed could be attributed to translation of contaminating RNA-1. The possibility that the RNA-2 preparations contained a contaminant that inhibited translation in reticulocyte lysates was discounted because addition of RNA-2 did not diminish the amount of [35 S]methionine incorporated into acid-insoluble products or change the pattern of products in mixtures containing RNA-1. It seems, therefore, that in strain SYM, RNA-2 does not act as messenger RNA for coat protein and differs in this respect from strains of TRV that have been studied previously (Mayo et al., 1976; Fritsch et al., 1977; Pelham, 1979) .
Translation of RNA species of strain S Y M in vitro
Translation of two different preparations of VS-RNA (Fig. 3e to g ) gave rise to two prominent bands with apparent tool. wt. of 29000 (29K) and 30000 (30K). The two RNA species comprising VS-RNA, RNA-3 and RNA-4, were partially separated by elution from polyacrylamide-agarose gels, and the fractions obtained were translated (see Fig. 4 ). Both fractions gave rise to the same two products as unfractionated VS-RNA, but the 30K polypeptide was more prominent in the products of the fraction enriched in RNA-3 (Fig. 4a, b) ( whereas the 29K polypeptide was the d o m i n a n t product of translation of the fraction enriched in R N A -4 (Fig. 4c, d ). It seems, therefore, that R N A -3 is the messenger R N A for the 30K polypeptide and that R N A -4 is the messenger for the 29K polypeptide. The 30K polypeptide co-migrated in polyacrylamide gels with unlabelled coat protein from strain SYM. Furthermore, the products of digestion of the 30K polypeptide with V8 protease (Fig. 5 a to c) corresponded in mobility to those obtained by digestion of unlabelled coat protein from strain SYM (Fig. 5, arrowheads) . In contrast, the digestion products of the 29K polypeptide (Fig. 5 d to f ) were clearly different from those of the 30K polypeptide and few, if any, of them corresponded in mobility with the digestion products of unlabelled coat protein. Similar results were obtained using translation products labelled with [3H]lysine.
In another experiment, the products of translation of V S -R N A were mixed with anti-TRV(SYM) serum and Protein A Sepharose and the precipitate was analysed by gel electrophoresis (Fig. 6) . The 29K polypeptide was not precipitated at any of the antiserum dilutions tested. However, the 30K polypeptide was precipitated at all three dilutions in amounts that increased with dilution, suggesting approach to antigen-antibody equivalence. These two experiments show that the 30K, but not the 29K, polypeptide is, or is closely related to, TRV coat protein.
It has been known for many years that preparations of TRV nucleoprotein particles contain a small proportion of particles shorter than S particles (Harrison & Robinson, 1978) . However, until recently, little attention has been paid to them and nothing was known about their biological significance. Strain SYM produces larger quantities of these VS particles than do most TRV strains, providing an opportunity to investigate their possible function.
¥S particles are not necessary for infectivity and, as with other strains of TRV, RNA-2 of strain SYM carries the gene for coat protein (Kurppa et al., 1981) . However, we were unable to translate RNA-2 in vitro to produce coat protein; instead, one of the VS-RNA species, RNA-3, acted as messenger RNA for coat protein. Thus, we conclude that RNA-3 is a subgenomic species derived from RNA-2. This conclusion is supported by the analysis of RNA species from pseudorecombinant isolates which showed that the band corresponding to RNA-3 of strain SYM was present only in the pseudorecombinant whose RNA-2 was derived from strain SYM. Strain PRN and pseudorecombinant isolate SP contained an additional RNA band, migrating just ahead of RNA-2, with an estimated mol. wt. of 0-99 × 106. A species of similar size was observed in at least one experiment by Pelham (1979) , and was presumably present in the RNA-2 preparations used by him and by Fritsch et al. (1977) as in vitro messengers. It is therefore possible that this species corresponds in function to RNA-3 of strain SYM, and that it, rather than RNA-2 itself, is the coat protein messenger RNA in strain PRN. Indeed, Ramirez-Baudrit (1981) found that this species was a more efficient stimulator of incorporation in the wheat germ system than was RNA-2, although both fractions induced synthesis of coat protein. However, this species is only a few hundred nucleotide residues shorter than PRN RNA-2. The involvement of a subgenomic coat protein messenger RNA in strain SYM, and perhaps in strain PRN, contrasts with the reported behaviour of strains Lisse (Pelham, 1979) and CAM (Mayo et al., 1976) , in which RNA-2 is the messenger RNA for coat protein.
The other VS-RNA species of strain SYM, RNA-4, is indistinguishable in size from the 0.55 × l06 mol. wt. species of strain PRN observed both by Pelham (1979) , who called it RNA-3, and by us. Hybridization analysis showed that VS-RNA of strain SYM included a class of molecules representing a specific sequence derived from RNA-1, and the most likely conclusion is that these correspond to RNA-4. However, attempts to purify RNA-4 yielded preparations that remained contaminated with RNA-3 (see Fig. 4 ), so that we were unable to confirm this conclusion directly. This point will probably be resolved only when cloned DNA copies containing the RNA-4 sequences are available. In vitro translation of RNA-4 gave rise to a polypeptide of apparent mol. wt. 29000 that was unrelated to coat protein. Pelham (1979) showed that the similar-sized RNA of strain PRN coded for a similar-sized polypeptide and concluded that it too was derived from RNA-1. Thus, RNA-4 of strain SYM and of strain PRN seem to correspond closely to one another in structure and function. It is perhaps not surprising that the subgenomic messengers derived from the RNA-1 species of these two strains should be so similar in view of the extensive nucleotide sequence homology between the RNA-1 species themselves (Robinson, 1983) .
Tissues infected with TRV contain several subgenomic RNA species; Bisaro & Siegel (1982) working with strain CAM detected at least five. Very small amounts of most or all of these species were detected in purified nucleoprotein preparations. However, the extent to which subgenomic RNA is encapsidated seems to vary from one strain to another, and perhaps between different RNA species produced by the same strain. Whether these differences have any functional significance is not yet clear.
